We present a comprehensive near-infrared study of two molecular bow shocks in two protostellar outflows, HH 99 in R Coronae Australis and VLA 1623A (HH 313) in Rho Ophiuchi. New, high-resolution, narrow-band images reveal the well-defined bow shock morphologies of both sources. These are compared with two-dimensional MHD modelling of molecular bows from which we infer flow inclination angles, shock speeds and the magnetic field in the pre-shock gas in each system. With combined echelle spectroscopy and low-resolution K-band spectra we further examine the kinematics and excitation of each source. Bow shock models are used to interpret excitation (CDR) diagrams and estimate the extinction and, in the case of VLA 1623, the ortho-para ratio associated with the observed H 2 population. For the first time, morphology, excitation and kinematics are fitted with a single bow shock model. Specifically, we find that HH 99 is best fitted by a C-type bow shock model (although a Jtype cap is probably responsible for the [Fe ii] emission). The bow is flowing away from the observer (at an angle to the line of sight of ϳ 45Њ) at a speed of roughly 100 km s Ϫ1 . VLA 1623A is interpreted in terms of a C-type bow moving towards the observer (at an angle to the line of sight of ϳ 75Њ) at a speed of ϳ 80 km s Ϫ1 . The magnetic field associated with HH 99 is thought to be orientated parallel to the flow axis; in VLA 1623A the field is probably oblique to the flow axis, since this source is clearly asymmetric in our H 2 images.
wings. In all likelihood, some of the difficulties encountered when interpreting earlier low-resolution spectroscopic data were due to the integration of emission over entire bow shocks. Individual HH and H 2 bow shocks are typically a few arcseconds to a few tens of arcseconds in size Eislöffel 1997) . With modern near-infrared instrumentation we are now able to resolve such bow shocks spatially. With this in mind, and specifically with a view to examining spatial variations in the kinematics and excitation of molecular hydrogen, we present new high-resolution images, echelle spectra of the H 2 v 1-0 S(1) line [hereafter H 2 S(1)], and low-resolution K-band spectra observed across two well-defined bow shocks, HH 99 and VLA 1623A. HH 99 (distance ϳ 130 pc), evident at optical and nearinfrared wavelengths (Cohen et al. 1984; Hartigan & Graham 1987; Wilking et al. 1990 Wilking et al. , 1997a ) comprises a hemispherical bow shock, knot B, and a bright wing feature, knot A. The shock front is probably powered by one of the embedded infrared sources within the R CrA molecular core situated some 3 arcmin to the south-west of HH 99, possibly IRS 9 (Wilking et al. 1997a) . VLA 1623A (distance ϳ 160 pc) is a compact, luminous H 2 feature associated with the highly collimated and extensive CO outflow driven by the prototypical low-mass class 0 source VLA 1623 (André et al. 1990; Dent, Matthews & Walther 1995; Yu & Chernin 1997) . VLA 1623A has also recently been observed at optical wavelengths and consequently recognized as a bonafide Herbig-Haro object (HH 313: Wilking et al. 1997b ). The CO outflow, thought to be orientated at roughly 10Њ to the plane of the sky (André et al. 1990) , extends over almost 20 arcmin, knot A being only the brightest H 2 feature within this outflow. Nevertheless, both VLA 1623A and HH 99 represent excellent examples of molecular bow shocks in protostellar flows, and are consequently ideal laboratories for the study of this important radiative shock phenomenon.
O B S E RVAT I O N S
Near-infrared images of the HH 99 and VLA 1623 outflows were obtained at the European Southern Observatory/Max-PlankGesellschaft (ESO/MPG) 2.2-m telescope, the Anglo-Australian Telescope (AAT) and the UK Infrared Telescope (UKIRT). At each site the facility near-infrared camera was used (see Table 1 ). In each case background-limited observations were achieved with integration times of 30-60 s per frame; the resulting mosaics being constructed from dithered images. Standard data reduction techniques were employed: at ESO and the AAT dome flat-fields were used; at UKIRT dark subtraction and sky flat-fielding were used. Narrow-band continuum images (with a 1 per cent filter at 2.104 mm) and broad-band K images were also obtained at UKIRT and ESO to confirm that the shock features are indeed pure lineemission sources (see also Davis & Eislöffel 1995) . The AAT/ IRIS and UKIRT/IRCAM 3 images were also flux-calibrated using observations of HD 1777619 (K 8X28 mag) and the UKIRT faint standard FS 23 (K 12X37 mag) respectively.
Echelle spectroscopy of VLA 1623A and HH 99 was obtained at UKIRT using the common-user near-infrared long-slit spectrometer CGS 4 (Mountain et al. 1990 ) on 1998 June 11 and July 7 respectively. The pixel scale measures 0X41 Â 0X90 arcsec 2 (the pixels being elongated along the slit direction); a 2-pixel-wide slit was employed which gives a resolving power of 14.9 km s Ϫ1 at 2.1218 mm. Six parallel slit positions were observed in HH 99, each with a position angle (PA) of 55Њ east of north, separated by 3 arcsec in declination. Line emission was, however, only detected in four of these positions. Towards VLA 1623, two perpendicular slits were observed (PA 44Њ and 134Њ). For both sources, object-sky-sky-object sequences were observed, the telescope being nodded a few arcminutes off-source for the sky positions. At each position four 30-s exposures were obtained, the array being stepped by 1/2 a spectral resolution element per exposure to sample fully the instrumental resolution and correct for bad pixels. Data reduction involved sky subtraction and flat-fielding with observations of an internal blackbody source. The resulting spectral images were then wavelength-calibrated, to an accuracy of ϳ 10 Ϫ5 mm (1.4 km s
Ϫ1
), using OH sky lines in the 'raw' data. Tasks in the iraf package noao.twodspec.longslit were used to do this, and simultaneously correct for 'optical distortions' in the spatial directions (parallel with the slit) that were clearly evident as curved sky lines.
Low-resolution K-band spectra of HH 99B and VLA 1623A were obtained at the University of Hawaii (UH) 88-inch telescope and UKIRT, using KSPEC and CGS 4 respectively. Observing parameters are given in Table 2 . KSPEC is a cross-dispersed spectrograph which operates between 0.8 and 2.5 mm (Hodapp et al. 1994 ). An imaging detector may also be used to view the region around the slit. Data acquisition for both HH 99B and VLA 1623A was essentially the same as described above for the CGS 4 echelle observations; object-sky pairs were, however, repeated to build up signal-to-noise ratio. In all, the on-source integration times for HH 99B and VLA 1623A were 20 and 10 min respectively. Again, data reduction involved sky-subtraction and ᭧ 1999 RAS, MNRAS 308, 539-550 Finally, the positions of the CGS 4 slit on each source/with each grating were established by carefully comparing the integrated (in wavelength) flux distribution along each slit with cuts through our images. The positions are therefore thought to be accurate to within 1 arcsec. The imaging mode of KSPEC was used to position the slit on HH 99B.
R E S U LT S

HH 99
In Fig. 1(a) we present an H 2 ( continuum) image of the HH 99 bow shock. Here the major components of HH 99, knots A and B, are labelled. Knot C, situated about 50 arcsec to the east of HH 99, appears as a faint though extensive filament. This shock feature may be the result of another flow from one of the other sources in the R CrA core, or it could represent a shock front working surface from an earlier outburst from the source that powers HH 99. If the latter is the case, then HH 99A and B could be moving into a lowdensity cavity swept out by knot C; the gas ahead of HH 99A and B could also be non-stationary. This scenario is observed in, for example, the HH 46/47 (Dopita, Schwartz & Evans 1982) and AS 353A/HH 32 (Hartigan, Raymond & Hartmann 1987; outflows. We also identify a new, diffuse, shock feature, here labelled knot D. Again this knot may be part of the HH 99 flow, or may be associated with one of the other sources in R CrA.
H 2 and [Fe ii] images of HH 99A and B were obtained at the AAT (Fig. 1b) . As was noted by Wilking et al. (1997a) (Schwartz 1978; .
The higher resolution 2.122-mm image in Fig bow shock. We note in particular the spurs that extend a few arcseconds to the north-east of sub-knots B 1 and B 3 . When we compare this image with models of H 2 excitation in molecular bow shocks (Smith 1991 , see also the discussion below), the observed spurs and overall lack of H 2 emission near the bow head suggest a high shock velocity (ϳ 100 km s Ϫ1 ) and possibly a strong magnetic field. The bow shock is also likely to be moving along an axis orientated Ͻ 60Њ to the plane of the sky, since H 2 is not observed in projection 'ahead' of the [Fe ii] cap of the bow [as is the case in e.g. HH 32 ].
Echelle spectra obtained in HH 99 are presented in Fig. 2 , superimposed on to a grey-scale image (displayed with a logarithmic range) of HH 99B. The instrumental profile (FWHM ϳ 16X4 km s Ϫ1 ; measured from Gaussian fits to sky lines) has not been deconvolved from these spectra. Nevertheless, we can immediately draw some qualitative conclusions from the data. Generally, the local standard of rest (LSR) velocities of the line peaks, v peak , remain close to the systemic velocity, v 0 ϳ 6 km s Ϫ1 (Harju et al. 1993) . Slightly blueshifted line peak velocities, v peak ϳ 0-2 km s Ϫ1 (^0X9 km s Ϫ1 ), are measured towards the head of the bow shock (the spectra towards the top of columns 2 and 3), while marginally redshifted velocities, ϳ5-12 km s Ϫ1 (^1X5 km s Ϫ1 ), are measured in the bow flanks (bottom of columns 1 and 2). The line profiles themselves are narrowest along the bow shock wing observed edge-on, i.e. along column 1, and very near to the bow head, i.e. the third and fourth spectra from the top of column 3. Here, the FWHM of Gaussian fits are typically ϳ 15-20 km s Ϫ1 ; that is, only slightly wider than the instrumental profile. Broader and more asymmetric profiles (the spectra exhibit redshifted wings) are observed near the centre of the bow shock, i.e. in the central bright spectra in columns 2 and 3. Here the FWHM ϳ 20-40 km s Ϫ1 . These wider lines reflect the fact that emission from the near and far sides of the overall HH 99B bow shock is observed in projection. However, doublepeaked profiles, like those observed in L 1448 (Davis & Smith 1996a ) and OMC 1 (Chrysostomou et al. 1997) , and like those predicted by models of shell-like bow shocks Suttner et al. 1997; Chrysostomou et al. 1997) , are not observed in this region.
A broad-band K spectrum of HH 99B was also obtained at the UH 88-inch telescope: the slit position used is indicated in Fig. 1 (c). Since HH 99 is relatively faint in H 2 emission (its surface brightness is typically a factor of 10 lower than that of VLA 1623A), we have summed all of the emission observed along the spectrograph slit. Consequently, the spectrum in Fig. 3 represents emission from an on-source area of 7X2 Â 1X0 arcsec 2 . The slit was orientated east-west and passes through the centre of knot B 3 (see Fig. 1c ). The spectrum obtained and the relative line fluxes listed in Table 3 are rather typical of high-excitation, shockexcited sources (Gredel 1994 (Gredel , 1996 Hora & Latter 1994; Smith 1995) , as one might expect from observations of the bright knot B 3 , near the head of the HH 99B bow shock. The morphology, excitation and kinematics of HH 99 will be discussed in Section 4 in terms of newly derived bow shock simulations.
VLA 1623A
In Fig. 4 we reproduce the narrow-band H 2 ( continuum) image of Davis & Eislöffel (1995;  although, for deeper images, see Dent et al. 1995) . Inset is a new, higher resolution H 2 S(1) image, presented as a contour plot. Unlike HH 99, the H 2 emission in ᭧ 1999 RAS, MNRAS 308, 539-550 VLA 1623A is largely confined to a bright arc, knots A 1 , A 3 and A 4 . We did search for [Fe ii] emission features in the VLA 1623 outflow during our 1996 April run at the AAT, although we failed to detect knot A (above a rms noise level of ϳ 0X2 Â 10
and, in particular, the lack of [Fe ii] emission from the bow head and lack of H 2 emission extending back along the bow shock wings suggest a low shock velocity, Ͻ 100 km s Ϫ1 (Smith 1991) . Knot A 2 does not appear to be part of the overall VLA 1623A bow shock. The molecular outflow could extend beyond knot A (Dent et al. 1995) , and so A 2 may represent the interaction of this flow with the ambient gas. Of course, knot A 2 could instead be associated with an independent flow and simply appear projected against the, otherwise well-defined, VLA 1623A bow shock. We ᭧ 1999 RAS, MNRAS 308, 539-550 shall therefore treat knot A 2 as being independent of the rest of VLA 1623A in our analysis of this molecular bow shock.
Echelle spectra at 2.122 mm were obtained at two slit positions in VLA 1623A, the first aligned along the southern wing of the bow shock ( Fig. 5a ; note the orientation of north and west in this figure), while the second cuts across the width of the bow (Fig. 5b) .
The former is therefore parallel with the flow direction, the latter perpendicular to it. Remarkably, in all spectra observed the line profiles, linewidths (FWHM) and line peak velocities, v peak , change very little [similar symmetric, single-peaked profiles have recently been observed within the Orion bullet bow shocks (Tedds et al. 1999) ]. Along the southern bow wing (Fig. 5a ), v peak lies in the range Ϫ2X6 to Ϫ4X6 km s Ϫ1 (^0X3 km s Ϫ1 ), while the FWHM of Gaussian fits to these highly symmetric profiles range from 19.0 to 21.7 km s
Ϫ1
. Across the width of the bow (Fig. 5b) we do, however, measure a slight, although steady, rise and fall in both v peak and the linewidth: near the wings of the bow (near the top and bottom of the slit) v peak ϳ Ϫ3X2 km s Ϫ1 (^0X3 km s Ϫ1 ) and FWHM 18X7 km s Ϫ1 ; towards the centre of the bow both v peak and the FWHM increase to 1.5 km s Ϫ1 (^0X6 km s Ϫ1 ) and 29.8 km s Ϫ1 respectively (see e.g. the fifth spectrum from the bottom in Fig. 5b ). Like HH 99B, the slight increase in linewidth towards the centre of the bow is probably due to the geometry of the bow shock shell (e.g. Suttner et al. 1997 ). The systemic LSR velocity in this outflow region is ϳ 3X8 km s Ϫ1 (Wilking & Lada 1983) ; overall, the emission lines are therefore slightly blueshifted. The association made by Dent et al. (1995) and Davis & Eislöffel (1995) between VLA 1623A and the blueshifted clump, 'Blue 3', in the CO map of André et al. (1990) thus seems to be justified.
Broad-band K spectra were also obtained towards VLA 1623A. The slit was orientated parallel with the flow axis and passed along the south-western edge of knot A 3 , i.e. essentially through the centre of the overall VLA 1623A bow shock (see Fig. 4 ). Line emission was observed over ϳ 12 pixels (7.3 arcsec) along the slit. To improve the signal-to-noise ratio, we have integrated line fluxes at four positions along the slit; at each position the sum of three rows (representing 1.8 arcsec on the source) was used. Consequently, in Table 4 positions across the bow shock. By comparing these line fluxes at the four positions we will (in Section 4) examine the variation in H 2 excitation from region to region within VLA 1623A; specifically from near the bow head (position 'NW' in Table 4) to regions further back towards the bow wings (positions Cen-NW, Cen-SE and SE in Table 4 ). In Fig. 6 we show the Cen-NW spectrum. Overall, though, the line ratios do predict a somewhat lower excitation spectrum than is seen in HH 99B.
D I S C U S S I O N
The physics and dynamics of molecular bow shocks will now be investigated. We attempt to model HH 99B and VLA 1623A as single curved shock fronts. The standard model employed is the C-type bow shock. This model has had success elsewhere in modelling images, excitation and velocity structure (Fernandes & Brand 1995; Davis & Smith 1996a,b; Davis et al. 1996; Fernandes, Brand & Burton 1997; Smith, Eislöffel & Davis 1998b) , and therefore we ask if it is also adequate here. Alternative models include the J-type bow, bows with magnetic precurser sections, a jet-bow shock combination, a fluorescencebow combination, a turbulent shear layer and an evolving unstable shock surface. The C-type bow model involves a curved shock surface driven at supersonic and super-Alfvénic speed into a molecular gas by a jet or bullet from an obscured protostar. The gas consists of neutral molecules, a few ions, dust and a moderate magnetic field. The ions mediate the gradual transfer of momentum from the field to the molecules, resulting in a continuous or C-type shock layer (Draine & McKee 1993) . The absence of abrupt heating means that more energy is released in the infrared, especially via the emission lines of simple molecules, and less is lost in dissociating molecules and radiation from atoms.
C-shocks are often favoured because of the measured low fraction of ions in molecular clouds and the high infrared fluxes from many bow shocks. Herbig-Haro objects, however, typically move at high pattern speeds, i.e. have high proper motions (Noriega-Crespo et al. 1997; Micono et al. 1998) , so that associated atoms may radiate in the optical as well as the infrared. Hence one is led to a bow shock model that consists of a J-type head -where atomic emissions dominate -and C-type wings -where the molecules provide the cooling.
A model to provide quantitative predictions is quite complex to construct, involving the shock shape, magnetic field direction, cooling, chemistry, ion-neutral physics, orientation and radiative transfer. The C-Bow model (Smith & Brand 1990 ; Smith, in preparation) assumes a two-dimensional bow surface (e.g. a paraboloid), full magnetohydrodynamic (MHD) shock properties, a high radius of curvature relative to the shock thickness, and optically thin infrared line emission.
Broad-band spectral data are best exploited by conversion of the line fluxes into the columns of H 2 in the upper energy levels of the transitions. These columns are then compared with the column of ᭧ 1999 RAS, MNRAS 308, 539-550 the 1-0 S(1) line to provide ratios, called column density ratios. When subsequently normalized to the ratios from a 2000-K slab in local thermodynamic equilibrium (LTE), we obtain accurate and sensitive numbers, called the corrected column density ratios (CDRs), from which detailed modelling may proceed (see e.g. Smith 1994; Burton & Haas 1997).
HH 99B
Imaging and echelle spectroscopy
The HH 99B bow shock is relatively faint, although the 1-0 S(1) image presented in Fig. 1(c) shows a wealth of detail. As mentioned above, preliminary comparison with the simulated images of Smith (1991) would suggest a bow shock speed of around 80-120 km s
Ϫ1
, the bow flow axis being orientated at Ͼ30Њ to the line of sight. The bow also probably ploughs into molecular gas with an Alfvén speed of less than 10 km s
. Bow shock velocities under 80 km s Ϫ1 would not produce the tails evident in Fig. 1 , while velocities over 120 km s Ϫ1 would produce a thicker cap and wings.
To determine more precisely the orientation angle, we examine newly calculated 1-0 S(1) images using the latest version of the bow shock code (Smith, in preparation) . This code also supplies spectroscopic data, which enable us to study both the excitation and velocity structure simultaneously. Orientations under 30Њ can be ruled out, since these produce projected 1-0 S(1) emission ahead of the apex, which would not be consistent with the [Fe ii] location ahead of the H 2 emission ([Fe ii] emission cannot be produced in the C-shock part of the overall bow, since there are insufficient ions here). Furthermore, a 30Њ simulation (not shown) displays emission peaks very close to the apex, in contrast to the well-separated peaks observed. Instead, we find that a bow moving at 45Њ to the line of sight provides very accurately the edge-brightened appearance and the bright knots, B 1 and B 3 , apparent in the observations (compare Fig. 7 with Fig. 1) . Moreover, if this bow is moving away from the observer, the line emission will be blueshifted by about 5 km s Ϫ1 near the front, although slightly redshifted in the wings, precisely as observed. Theoretically, one does indeed expect to see blueshifted emission from the near side of a receding bow, since the associated shocked gas is projected forwards owing to the bow orientation. However, to observe a receding bow from a region of high obscuration would seem unlikely; one would expect more readily to detect bows penetrating the front surface of a cloud, i.e. bows that are moving towards the observer. Yet the prediction for HH 99B of a receding bow is nevertheless supported by CO observations (Levreault 1988 ). These reveal a bipolar outflow which connects HH 99 with HH 101, HH 99 being associated with the redshifted CO lobe. A further finding from the models is that double-peaked line profiles, separated by about 10 km s
, are quite prominent for orientations close to the plane of the sky (i.e orientations of 75Њ-105Њ). The echelle data are clearly single-peaked, although broader and less symmetric towards the bow wings in HH 99B (Fig. 2) . Motion well out of the sky plane is thus inferred.
We lastly mention that the integrated (over the whole bow) redshifted 1-0 S(1) emission in HH 99B should indeed be stronger than the blueshifted emission, even though (as is apparent in Fig. 7 ) the blue emission is stronger near the bow front. (Integrated fluxes are given in the figure caption.) In other words, although a receding/advancing bow can possess strong molecular hydrogen lines with the opposite sense of velocity, this component is not dominant.
K-band spectroscopy
Our HH 99 broad-band spectroscopy provides further evidence for a receding bow shock. As shown in Fig. 8 , assuming no extinction yields a column density ratio diagram with large scatter. Scatter in such diagrams can be caused by non-collisional processes, such as fluorescent excitation (Fernandes & Brand 1995; Fernandes et al. 1997) or re-formation, or by extinction. Here, we attempt to adjust the extinction until the CDR corresponding to the 1-0 Q(3) line and the 1-0 S(1) are equal. This must be the case intrinsically since they possess the same upper energy level. In practice, the 1-0 Q(3) flux can be erroneous since the transmission through the atmosphere is low beyond 2.4 mm. A K-band extinction of 4.6 mag is required not only because it brings the 1-0 CDRs into agreement, but also because it greatly improves the 2-1 CDRs (Fig. 8) .
The 4.6 mag of K-band extinction are of course consistent with the HH 99 bow shock receding from the cloud. However, as already mentioned, the object should then be obscured in the optical, which is not the case (Cohen et al. 1984; Hartigan & Graham 1987) . Furthermore, high optical extinction would increase the [S ii]/Ha flux ratio well above the observed value ᭧ 1999 RAS, MNRAS 308, 539-550 Figure 8 . The CDR diagram for HH 99 B (specifically knot B 3 ). Note that the error bars do not appear large because of the logarithmic scaling. Thus useful information is contained in the data. Q-branch lines, which are difficult to calibrate, are shown with diamond symbols. The top box displays the data with no extinction. The bottom box displays a highextinction model, plus an integrated C-type bow model (dashed line) and a C-type bow model plus slit to simulate better the observational conditions (full line). The bow shock model parameters are the same as those used to fit the imaging and echelle data (Fig. 7) . (Hartigan & Graham 1987, see below) . We conclude, therefore, either that the extinction is somewhat lower than predicted here (in which case fluorescence could be responsible for some of the scatter in Fig. 8 ), or that there is a high extinction gradient between adjacent optical and infrared emission locations.
The data points plotted in Fig. 8 could be interpreted in terms of a J-type shock (Smith 1994 -discussed later in this paper in Section 4.3), although not with a full (unresolved) C-type bow shock. The latter is represented in Fig. 8 by the dashed line. However, the observed data represent only the integrated emission from a slit covering just knot B 3 . If we simulate a slit on to the bow model in Fig. 7 , covering just the strip with y-pixels 8 to 15, we then find that this model also provides a good fit to the spectroscopic data (the solid line in Fig. 8 ).
Two problems remain with the model being developed. First, the minor H 2 peak observed at the bow centroid, knot B 2 , is not present in our synthetic image. Knot B 2 could be evidence for a jet component or for unsteadiness in what is likely to be a more complex shock surface than the paraboloidal bow model adopted here. Secondly, the optical emission from HH 99B is redshifted from the background cloud by only 9 km s Ϫ1 (Hartigan & Graham 1987 ). Yet, in the opposite lobe, parts of HH 101 have blueshifted radial speeds of up to 96 km s
Ϫ1
. Hartigan & Graham suggest that HH 99 may have been deflected towards the sky plane, thus generating the relatively high proper motions of 90 km s Ϫ1 measured in the optical (Schwartz, Jones & Sirk 1984) . Alternatively, HH 99 and HH 101 (and their associated CO outflow lobes) could be associated with two independent outflows, driven by two quite separate protostars.
VLA 1623A
K-band spectroscopy
The many line fluxes obtained for VLA 1623A provide the strongest model constraints. We therefore discuss the column densities first here, since there are several model-independent implications.
We have calculated the column densities in each energy level necessary to produce the emission-line fluxes as observed. The results, normalized to that of a 2000-K slab of gas in LTE, are shown in Fig. 9 for the three positions out of the four tabulated for which accurate data have been accumulated (Table 4) . These three locations cover a bow shock transition, from the leading edge to the downstream region, of 5.5 arcsec (note that the spatial resolution along the slit was 0.61 arcsec).
The excitation clearly decreases with distance downstream. One might expect this for a C-type bow shock surface projected on to the sky plane, since the excitation is a strong function of the shock strength (see below). However, the scatter in the CDR data is large (Fig. 9) , implying either non-LTE physics (O'Brien & Drury 1996) or, once again, strong differential extinction.
Since the VLA 1623A data are of higher quality than the HH 99B results, we are able to exclude the non-LTE explanation for the CDRs for the following reasons. First, each vibrational level would appear to lie on a separate curve (e.g. Hora & Latter 1994) . While this is expected in non-LTE models, it is the higher vibrational levels that should show a relative depletion, contrary to what is displayed. Fluorescence is also excluded as a major contributor, since (1) the 1-0 S(1)/2-1 S(1) ratio is quite high, (2) the 3-2 lines are three or four times too weak compared with the fluorescent excitation model of Black & van Dishoeck (1987) , (3) the ortho-para ratio is close to 3 (see below), and (4) high-v lines such as the 8-6 O(5) at 2.2101 mm and the 8-6 O(3) at 2.033 mm are at least 10 times too weak relative to the 1-0 S(1) line flux. It should be noted, however, that these arguments do not exclude fluorescent excitation of the higher vibrational levels only (Fernandes et al. 1997) ; here, for example, the 4-3 S(3) line could be produced through fluorescence, without making a detectable contribution to emission from the lower levels.
We propose, therefore, that extinction is causing the scatter evident in Fig. 9 . Here we again use the 1-0 S(1) and 1-0 Q(3) lines to fix the extinction at each location (row) along the slit. Indeed, in Fig. 10 we plot the extinction measured at each point from the bow head back towards the bow wings (increasing x-axis). We uncover an increasing extinction progressing from the leading edge of the bow into the wake. As is evident in Fig. 10 , the ᭧ 1999 RAS, MNRAS 308, 539-550 Figure 9 . The column density ratios for the K-band vibrationally excited H 2 energy levels, as derived directly from the fluxes for VLA 1623A in Table 4 . The top box is for the location (3 pixels long) at the front of the bow (upstream), and the lower box represents the downstream location. Note (i) the decrease in excitation across the bow and (ii) the fairly large scatter here when no extinction is considered. The 1-0 Q-branch line CDRs are shown as diamond symbols. extinction increases by almost 2 mag. This suggests that the bow is emerging from the surface region of a dense cloud. The effect of applying these extinction corrections on the CDR diagram is a much reduced scatter, as shown in Fig. 11 , where the data for each of the three locations in VLA 1623A (Table 4) can now be modelled by one line (see Section 4.2.2).
The intensity distribution along the slit is also displayed in Fig. 10 . Note the difference between the extinction-corrected fluxes, which yield the intrinsic behaviour of the bow, and the actual observed values: it seems that downstream emission is being obscured by the cloud.
In Fig. 10 we also plot the H 2 ortho-para ratio, again measured at each row along the slit. Molecular hydrogen has ortho and para modifications, according to the relative directions of the nuclear spins. Shocks and other heating and collisional mechanisms probably lead to an ortho-para ratio of 3, whereas as a result of low-temperature formation and non-collisional excitation a value in the range 1.4-2.4 seems likely (e.g Smith, Davis & Lioure 1998a) . We employ the data to derive the ortho-para ratio in two ways. First, we use the three 1-0 lines S(0), S(1) and S(2) with the analytical formula (equation 5) of Smith et al. (1998a) . We then use the three 1-0 lines S(1), S(2) and S(3), with the same method, to confirm that the ortho-para ratio measured using the S(0), S(1) and S(2) lines is indeed close to 3. The errors on the ortho-para ratio derive mainly from errors in the 1-0 S(2) flux. It is not clear that the error is sufficient to explain the gradual decrease in the ratio towards the leading edge. In fact, the systematic decrease suggests that the ortho-para ratio may really be decreasing owing to a diffuse fluoresced region which can be detected ahead of the bow where the shock contribution decreases. This region appears to be connected to the A 2 section, seen in projection against the bow. A further observation along A 2 could settle this issue.
Finally, can optical emission be observed from VLA 1623A when the infrared extinction is so high? Observationally, the answer is yes. Wilking et al. (1997b) detected HH 313 in [S ii], but not in Ha emission. We do in fact find that the infrared extinction at the head of the bow (as observed in H 2 emission) is less than 2 mag. Hence observing optical emission from VLA 1623A would ᭧ 1999 RAS, MNRAS 308, 539-550 Figure 11 . As in Fig. 9 , although now corrected for the local extinction as derived from the 1-0 S(1) and 1-0 Q(3) transitions. The three model CDR lines correspond to the C-type bow shock model (Fig. 12) used to interpret the imaging and echelle data. Figure 10 . The detailed distribution of the 1-0 S(1) intensity (full lineextinction corrected; dot/dash line -observed fluxes), the extinction derived from the 1-0 Q(3) and S(1) fluxes, and the ortho-para ratio derived from (a) the 1-0 S(0), S(1) and S(2) levels (full line, squares) and (b) the 1-0 S(1), S(2) and S(3) levels (dashed line, triangles) for VLA 1623A. Errors are typically 15 per cent, corresponding roughly to the errors on the weakest para line. The 'location' is the position along the flow/slit axis, from bow head (the '0' position) to bow stern. 1 pixel 0X6 arcsecX not be inconsistent with our interpretation, provided that it is produced near the bow apex, which is of course the expected location.
VLA 1623A: a C-shock model
We now attempt to model two features evident in the highresolution image (the observational data; see Fig. 4 ): (i) the asymmetry; and (ii) the emission from the bow cap rather than the flanks. Our C-type bow shock model produces asymmetric images when the magnetic field is oblique to the flow axis (Smith 1991) . This is due to the strong dependence of C-shocks on the effective transverse field strength. The H 2 emission also derives almost exclusively from the cap when the bow speed is low. Hence, following careful comparison with the Smith (in preparation) models, we find that a bow moving at 75Њ to the line of sight with a speed of 80 km s
Ϫ1
, and a uniform magnetic field at 45Њ to the flow axis (within the plane obtained by rotating the plane of the sky by 15Њ towards the observer), reproduces very well the observed H 2 morphology. The model results are displayed in Fig. 12 .
Line profiles derived from these model data (along the representative slit positions) are narrow, particularly along the bow wings seen edge-on. Note, for example, the narrow profiles predicted along slit 2 in Fig. 12 ; these compare very well with the observational data in Fig. 5(a) . However, asymmetric and doublepeaked profiles are also inferred in the bow flanks by the model. Such profiles are not present in the observational data set (although few data were obtained in this region). The model also predicts that, near the leading edge, the emission from the peaks will be redshifted even though the bow is moving towards the observer; only slightly blueshifted profiles were observed. (Exactly the opposite was predicted -and observed -in the receding HH 99B bow shock.)
The derived model parameters for VLA 1623A (i.e. those used to generate the morphological and kinematic data in Fig. 12 ) can finally be tested against the (extinction-corrected) CDR data. The excitation along a vertical slit containing the five pixels just to the left of centre of the bow (i.e. between slits 1 and 2 in Fig. 12 ) are compared -in Fig. 11 -with the observed data. A reasonable fit is indeed found at all three locations.
An alternative model?
We conclude, then, that the C-shock model is remarkably successful in modelling -in HH 99B and VLA 1623A -the excitation, imaging and spectroscopy. In both sources the CDR data are accurately predicted by the models (Figs 8 and 11) . Indeed, the models indicate decreasing excitation towards the bow flanks; in VLA 1623A, where we have measured CDR data across the bow, such a trend is observed. The same models also predict intensity distributions that compare very favourably with the highresolution images (compare Figs 7 and 12 with Figs 1 and 4 respectively), and narrow, low-velocity line profiles like those observed. The bow shock models do, however, infer asymmetric and double-peaked profiles in the bow flanks. Although the profiles are generally broader and asymmetric in the HH 99B bow wake, only very narrow, symmetric profiles are observed in VLA 1623A. Additional data, covering more of this source, would be useful.
J-type bows do not provide an alternative for either source. The predicted excitation from such bows is extremely high unless oxygen and gas-grain cooling are simultaneously suppressed (Smith 1994) . Strong 1-0 S(1) emission is also limited in J-shocks with speeds below 25 km s Ϫ1 . Hence very low bow speeds would be needed to generate emission from the leading edge. Moreover, the shock speed does not alter the H 2 excitation for speeds in the range 10-24 km s Ϫ1 ; the changing excitation observed across VLA 1623A is therefore not predicted in a J-type bow shock. Jump shocks with magnetic precursers have been invoked in the past to explain H 2 line emission. However, it has never been shown that such precursers, heating gas to 2000-3000 K, would exist over any extended range of shock speeds. Full bow shock simulations with ambipolar diffusion will eventually test this possibility.
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C O N C L U S I O N S
We present near-infrared images and both low-and highresolution spectroscopy of two Herbig-Haro bow shocks, HH 99 and VLA 1623A. For the first time in studies of HH flows, we model all of these data simultaneously. For each source, a single C-type bow shock model is employed. We find compelling evidence for high extinction in both sources. HH 99 is thought to be flowing away from the observer; VLA 1623A is flowing towards the observer. We also find -and reproduce in our models -blueshifted H 2 associated with the leading edge in the former, even though overall the source is redshifted. Double-peaked profiles are also predicted by our model bow shocks, particularly in the bow wings. These are not evident in the observations, although somewhat asymmetric profiles are observed in HH 99, and additional data are required towards the bow flanks in VLA 1623A. Such objects, which are detectable at near-infrared wavelengths regardless of their high near-infrared extinction, will be ideal targets for far-infrared imaging in the 0-0 lines on several upcoming space missions, such as SOFIA, SIRTF, and then FIRST.
